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1.- Introduction 
Metal matrix composites, MMCs, in particular aluminum alloys with discontinuous ceramic 
reinforcement, such as SiC or B4C particles, are known to improve mechanical properties of 
monolithic alloys without a significant weight increase [1]. Because of this, they are attractive 
structural materials in engineering applications in the transportation sector [2]. Although these 
materials were initially conceived to improve the mechanical properties at room temperature, it 
was soon encountered that their high temperature behavior also improved with respect the creep 
response of the un-reinforced alloy. This finding extended further the potential use of these 
materials such as in engine components and brake rotors in terrestrial and aerospace vehicles 
[3,4]. 
Since this finding, tremendous efforts to understand the enhanced creep behavior of MMCs have 
been carried out by different researchers. Despite these attempts, however, the present capability 
to understand and predict this behavior is rather weak such that several reasons are commonly 
invoked to explain it. This confusing picture is, to our understanding, due to the following three 
reasons: 
a) Very different aluminum alloys have been used for composites preparation. Pure 
aluminium and aluminum alloys such as stable 8009Al alloy or Al-Si alloys (employed in the 
automotive sector) have been used as the metallic matrix for these composites. In many cases, 
however, not even the creep behavior of the aluminum matrix alloy is yet fully understood. More 
specifically, since the initial goal was to develop composites with superior room temperature 
properties (to increase metallic alloys stiffness), many of them are conventional age hardenable 
alloys (i.e., which undergo well known precipitation sequences after annealing at moderate 
temperature from a solid solution condition [5-9]) developed for room temperature applications. 
In particular, alloys such as those of the 2xxx and 6xxx series, have been frequently used. In 
these cases, when creep tests are carried out at temperatures at which the kinetics of precipitate 
formation is sufficiently fast, an unavoidable, non-controlled, evolution of this precipitation from 
the beginning of the creep test will occur. This is a clear difficulty if a rigorous analysis of the 
data obtained from tests conducted at different temperatures or lasting different times is sought: 
Dislocation interaction with the precipitates will evolve differently at the different temperature-
time of testing and the mechanical properties will evolve. Surprisingly, these precipitation 
phenomena are very rarely considered in research papers in the literature [10], but are very 
important if understanding the creep of age-hardenable aluminum alloys and their respective 
MMCs is sought. 
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b) The processing route employed, specifically ingot metallurgy, IM, vs. powder 
metallurgy, PM, can be of particular importance for composites creep behavior through the 
different elements which these procedures introduce in material’s microstructure. On one hand, 
IM requires melting the alloy to introduce and disperse the ceramic reinforcement by different 
methods. In some cases, for example when carbon or SiC particles are used as reinforcement, 
detrimental products arising from chemical reactions at the metal-ceramic interface, such as 
aluminum carbide, Al4C3, are formed [11]. These products degrade the reinforcement at the 
interface and are, hence, undesirable to attain optimal mechanical properties. The occurrence of 
damage processes at the metal-ceramic interface is a crucial factor in the creep behavior. On the 
other hand, PM procedures avoid these reactions minimizing damage phenomena. Instead, a 
dispersion of Al2O3 particles of nano-meter size is unavoidably formed. This dispersion is, 
furthermore, beneficial for the creep behavior, and its effect should be also considered together 
with the specific role played by the ceramic particles of the micro-meter scale, intentionally 
introduced for composite fabrication [12]. Although these microstructural features derived from 
the processing route employed are also well known, the distinct role played by these two types of 
reinforcements (at the micro- and nano- scales) co-existing in the metallic matrix of PM MMCs, 
has been barely treated. 
c) Most of the creep studies of MMCs do not compare the composite creep behavior with 
that of the un-reinforced alloy. Creep data comparison with that of the reference alloy is, 
however, essential to know the experimental composites creep strength enhancement. In fact, 
sometimes the addition of the reinforcement is detrimental to, rather than beneficial for, this 
behavior [10,13]. Composites creep data analysis without considering the behavior of the un-
reinforced reference alloy is, consequently, incomplete. For example, as above stated, one could 
be analyzing reinforcing mechanisms when, instead, other processes and/or severe damage are 
occurring during composite deformation resulting, even, in an inferior creep response than that 
of the un-reinforced alloy. Comparison of un-reinforced and composite creep data is, 
furthermore, not always a straightforward operation. For the case of the age-hardenable alloys, 
the accelerated ageing process which occurs in the composites [14] is an indication that the 
microstructure of the un-reinforced alloy and the composite matrix is not equivalent under 
specific given testing conditions. This factor should be also taken also into consideration when 
creep data comparison is conducted. 
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In summary, a complex picture of the creep behavior of MMCs has resulted and a solid and 
accepted procedure to understand their response is still missing. Rather, the above factors have 
contributed to maintain during decades a confusing panorama on the understanding of this 
behavior. 
Previous work by these authors on PM 6061Al-15vol%SiCw MMC [15,16] have shown 
separately the role of the relevant microstructural factors affecting the enhanced composites 
creep behavior, namely, the dispersion of the aluminum oxide particles (nano-scale) introduced 
when the PM route is the one employed for materials preparation [15] and the ceramic particles 
(micro-scale), purposely introduced for enhancing mechanical and also creep properties [16]. 
Furthermore, a microstructural factor associated to the shorter inter-obstacle distance for 
dislocation motion should be also considered. In the present study, a simple and generalized 
picture of the relevant mechanisms required to understand the high temperature behavior of 
aluminum alloy metal matrix composites is proposed. Within this framework, the approach of 
the threshold stress associated to the ceramic particles, usually invoked to account for the creep 
of MMCs, will be criticized, and the additivity of the two main proposed mechanisms will be 
discussed. Besides previous work conducted by these author, the analysis derived from data of 
other investigations on the creep of MMCs will be also taken into account. As will be seen, a 
fundamental aspect of the present investigation is the need of comparing the creep behavior of 
the composite with respect that of the corresponding un-reinforced alloy which, as mentioned, 
has not been always taken into consideration. 
2.- The present situation: the threshold stress concept 
In spite of the above confusing picture, it is well accepted that the creep of discontinuously 
reinforced aluminum alloys MMCs must be understood in terms of the creep behavior of the 
metallic matrix alloy (only this phase undergoes plastic deformation due to the stiffer and 
stronger nature of the ceramic reinforcement). Therefore, knowledge and understanding of the 
creep behavior of the matrix alloys is the starting point to tackle the creep behavior of the 
composite. The creep of monolithic alloys is usually described by the power law creep equation 
in which the steady state creep rate, 
•
ssε , is given by: 
)exp( RT
Q
E
A c
n
ss −





′=
• σ
ε      (1) 
where A´ is a material’s microstructure constant, E the Young’s modulus, n the stress exponent, 
R the universal gas constant (R=8.314 kJ/mol K), σ the applied stress, and T the absolute 
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temperature. On this base, one of the most significant consequences within the complex picture 
above mentioned is the consideration in several investigations (see for example, refs. [17-20]) of 
a threshold stress term, σo, associated to the ceramic particles as an additive contribution to the 
applied stress, but independent of it, into creep equation (1) such that the following equation 
should be obeyed. 
)exp( RT
Q
E
A c
n
o
ss −




 −
′=
• σσ
ε     (2) 
Equation (2) describes, then, the composite’s matrix creep behavior. I.e., the composite´s 
behavior after the strengthening effect of the reinforcement has been eliminated. 
The term σo was proposed originally to understand the creep of oxide dispersion strengthened 
(ODS) alloys [21]. It was, then, firstly linked to the dispersion of the oxide particles of these 
materials. These ODS alloys show remarkably high values of the apparent n and Qc. If sufficient 
data in the low applied stress regime are registered, the minimum or steady state creep rate 
decreases rapidly with the applied stress such that the apparent stress exponent, n, increases 
progressively deviating from the power law behavior, creep equation (1), as schematically 
illustrated in the double logarithmic representation of stress vs. strain rate of Figure 1. In other 
words, the stress-strain rate behavior reveals a curvature in a way that below a given stress (the 
threshold stress) no creep occurs in the material (the strain rate becomes immeasurably low). The 
incorporation of the threshold stress term in equation (2) “solves” this problem since “normal” n 
(and Qc) values such as those of for monolithic alloys or pure metals, as schematically shown in 
the plot of Figure 1, are obtained. 
The usual procedure to determine this threshold stress term is described elsewhere. In summary, 
it consists of “imposing” an n value to the creep equation so that, at a given temperature, a 
straight line should be obtained when the 1/n power of εɺ  is plotted as a function of σ/E. The 
extrapolated value of σ  at 0=εɺ  is taken as σο. The fits to obtain σo  are made using typical n 
values of n=3, n=5, and n=8, which are identified with specific deformation mechanisms [22]. 
As done in [12], the n value which best fits a straight line and the corresponding σo are the data 
included in the creep equation. Figure 1 shows, schematically, the ODS alloy creep behavior in a 
double logarithmic representation before and after threshold stress normalization at a given 
temperature of testing. As can be seen, the “threshold behavior” manifested by the ODS alloy, 
and by definition a stress independent factor, is eliminated after this term is subtracted from the 
applied stress in the creep equation. In this manner, as described in equation (2), the creep 
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behavior is “rationalized” to that of the matrix alloy as long as the incorporation of this term 
“eliminates” the reinforcing effect of the dispersion of oxide particles. 
Surprisingly, a number of investigations have shown that, using the same method, a reasonable 
similarity between the creep behavior of MMCs and monolithic alloys or pure metals (in terms 
of stress exponent and activation energy), is obtained [17,23]. This encouraged many researchers 
to analyze the creep of MMCs in the framework of the presence of σo and to investigate the 
possible origins of this stress term. However, the different attempts to explain it from 
microstructural basis have, so far, failed. It is remarkable that very recent investigations do not 
even discuss the possible nature and/or origin of the threshold stress term. 
To our understanding, this is a cul-de-sac situation which has prompted us to consider other 
possible ways to explain the creep of MMCs. For this purpose, it is first necessary to neglect 
resolutely the threshold stress term associated to the ceramic reinforcement. Several other 
reasons can be also invoked against this term despite the reasonable kinetics values obtained 
after threshold stress normalization to explain the creep of MMCs. These are: 
1.- As above mentioned, little efforts have been focused in real data comparison between 
composite and un-reinforced alloy, and when this exercise is made no such expected agreement 
is found after threshold stress normalization of composite creep data [24]. To explain the 
discrepancy, further considerations, such as a load partitioning phenomenon, are also invoked, 
complicating further a general view of the creep behavior of MMCs. 
2.- It has been also pointed out the limited reliability of the classical procedure to determine σo 
[14], in particular for the case of composites in which the matrix alloy is age hardenable 
[3,15,20,24-32]. When such alloys are used, n is affected by the simultaneous precipitation 
process which occurs during creep. Therefore, the significance of the σο values obtained by this 
method in these materials should be, at least, carefully considered. 
3.- Usually, a strong variation with temperature of the threshold stress term has been found, with 
no explanation for it. The variations found are, generally, much higher that that expected from 
the Young modulus variation with temperature. 
4.- The threshold stress like behavior, i.e., the curvature of the log εɺ –log σ data in the low stress 
regime is not always evident. 
5.- Contrarily to what it occurs in ODS alloys, for which the size of the particles is of the order of 
the dislocation core, the scale of the reinforcing particles (particle size and inter-particle 
distance) in MMCs is much larger (at least three orders of magnitude). Hence, the applicability 
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of models describing the interaction of individual dislocations with particles to explain σo in 
MMCs is also doubtful [33]. 
At this point, it is important to emphasize that the rejection of σo associated to the presence of 
the ceramic particles does not disqualify the need of such stress term as linked to the dispersion 
of the aluminum oxide particles (when these composite materials are processed by a powder 
metallurgical route). 
Recently, the importance of a partitioning phenomenon, typically active at room temperature, has 
been demonstrated to be also relevant at elevated temperatures [16], regardless that possible 
relaxation processes of the load transferred to the reinforcement may occur [34]. The importance 
of load transfer mechanism was also suggested in previous works [13,24,26], and supported by 
an analysis of the creep data of composites and their respective un-reinforced alloys recorded 
from the literature [16,35]. 
3.- Mechanisms contributing to creep strength of aluminum alloy MMCs 
In the present work, we propose to extend and generalize the conclusions of this previous 
research on IM and PM 6061Al alloys and a PM 6061Al composite reinforced by 15vol% of SiC 
particles [15,16]. From these investigations it is envisaged the importance of the metallurgical 
procedure in the possible contributing mechanisms to the enhanced composite creep behavior. 
The matrix alloy used in [15,16] was 6061Al, a typical alloy used in room temperature 
applications, but the conclusions derived, supported by the review data analysis conducted in 
[35], may be well extended to other aluminum alloys. It is proposed, hence, that the superior 
creep behavior of MMCs is explained on the basis of two main contributions, namely: a load 
transfer associated to the ceramic reinforcement and a stress independent threshold stress term 
associated to the oxide particles (which are present in the case of PM composites). Whereas 
predictive models to account for the relevance of each of these mechanisms can be used (Eshelby 
and/or Shear-Lag for the case of load transfer and the Artz model for the case of the threshold 
stress), the possible role of damage processes occurring at the interface is still difficult to predict. 
As described in [16], these mechanisms may be important in IM composites in which detrimental 
chemical reactions at the metal-ceramic interfaces are likely to occur. 
A summary of all these mechanisms is presented in Table I. In this table, the fundamental 
contributing microstructural features derived from the processing route, the corresponding 
reinforcing mechanism, and the resulting creep equation are summarized for the un-reinforced 
alloys and their respective composite materials. 
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Furthermore, a microstructural strengthening factor related to the change in the microstructure of 
the matrix aluminum alloy due to the addition of the reinforcement should be considered. The 
fact that the matrix alloy used (6061Al) in the composite investigated in [16] is age-hardenable 
(and, therefore, that simultaneous precipitation during creep deformation occurs) should be also 
taken into account. In references [15,16] the specific role played by this phenomenon as well as 
the increased dislocation density in the composite with respect the un-reinforced alloy (and the 
accompanying accelerated ageing process) has been analyzed in detail and will not be treated 
here. It should be bear in mind, however, that for other aluminum alloys, the addition of the 
reinforcement may cause (or not) a different change in the matrix microstructure and, hence, a 
different microstructural strengthening: different alloy matrix justify a different treatment on the 
effect of the reinforcement addition on the microstructure. The analysis of the specific role due to 
the microstructure change is not the objective of the present investigation and will be the subject 
of a separate work. 
A as can be seen, the creep equation shown in Table I for the simplest case of a given un-
reinforced aluminum alloy obtained by IM is the conventional steady state creep equation (which 
has been taken in [15] as that which obeys the Sherby´s sub-structure invariant model, with n=8). 
No contribution of the ceramic reinforcement and the dispersion of the oxide particles are, of 
course, taken into consideration. Also, damage mechanisms associate to metal-ceramic interface 
are absent. Depending of the aluminum alloy to be considered, the stress exponent and the steady 
state creep equation may differ from n=3 for the case of dislocation glide control behavior to n=8 
for the case of creep under sub-structure invariant conditions. 
For the case in which a PM route is involved in alloy preparation the creep equation should 
include a threshold stress term associate to the oxide alumina particles. For these alloys the creep 
rate is that described by equation (2). The σo term can be calculated by the classical method, but 
it is convenient, however, to asses the value obtained with that resulting from data comparison of 
IM and PM alloy. It has been shown that the dislocation-particle interaction accounting for σo is 
well described by the Artz model [15,36,37]. A different microstructural factor A in equations (1) 
and (2) should be also taken into consideration to determine σo experimentally [16]. Again, 
damage mechanisms associate to the interface are absent. 
When the ceramic particles are purposely embedded into the aluminum alloy matrix by an IM 
procedure to obtain a composite, the “unique” reinforcing mechanisms that should be in principle 
considered is the load transfer mechanisms. In table I, the associate equation to describe this 
phenomenon is that derived from the Shear-Lag model proposed by Ryu [38], but, depending on 
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the reinforcement morphology, other Shear-Lag or Eshelby model may be appropriate as well 
[16]. Here, the commonly used threshold stress term considered in several investigations, 
equation (2), is simply replaced by the load partition factor which can be obtained 
experimentally from composite and un-reinforced alloy creep data comparison [16]. I.e., the 
mathematical description of the composite creep equation is similar to that commonly used with 
the σo term, but replacing σo by σT in equation (2). Additional strengthening (or weakening) may 
be achieved as a consequence of microstrutural refinement (Constant A in the composite may 
differ from that of the un-reinforced alloy as a consequence of reinforcement addition). Potential 
damage phenomena, resulting in diminishing mechanical and creep properties, should be also 
borne in mind in this type of composites. Quantification of these phenomena is, however, 
difficult, but can be of major importance in these materials. Finally, relaxation of load transferred 
to the reinforcement may be also of certain importance [13,34]. 
In the final case in which the reinforcing ceramic particles are introduced by a powder 
metallurgical route, both the load partitioning phenomenon as well as the threshold stress should 
be considered for the improved creep behavior. Again, the models above discussed (Ryu´s [38] 
and Artz´s [36,37] for the load transfer effect and threshold stress, respectively), or other 
equivalent models, can be employed in the mathematical treatment of these two contributions. In 
PM composites, the unlikely formation of detrimental chemical reactions at the metal-ceramic 
interface indicates that damage phenomena associate to this interface should be minimized. The 
additivity of these two contributions to the strengthening of the PM composites will be discussed 
in the following section. As in the IM composites, the load transferred relaxation process may be 
also important in a mathematical treatment of the composite creep behavior. 
4.- Additivity of reinforcement contributions 
In case of the PM composite material, both reinforcing mechanisms coexist during creep, Table 
I. However, the origin of each contribution is different. At the beginning of the creep test, when 
the external load is applied to the material, this is part of this stress is transferred elastically to 
the micrometric reinforcement. Therefore, there is a fraction of the load borne by the 
micrometric reinforcement from the first moment of the test, σT. Thus, the effective stress for 
dislocation motion during creep of the composite is (σ-σT). This transferred stress has been 
calculated by Shear-Lag and Eshelby methods and fit quite successfully with the experimental 
values obtained from creep data comparison of un-reinforced alloy and composite material [16]. 
Besides this decrease in the effective stress for creep deformation, dislocation motion it further 
inhibited by the presence of the oxide dispersion in the same manner as done for the PM alloys. 
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Part of the remaining stress (σ-σT) resulting from the load partition process is needed for the 
dislocation detachment process from the alumina dispersoids: i.e., a stress term explained 
through the so called threshold stress, σo, and assessed by the Artz´s model [36,37]. The different 
origin of both reinforcing contributions allows, then, treating these terms in an additive manner. 
It is finally worth mentioning the different effect of these two reinforcing mechanisms on the 
power law creep behaviour of the composite and the resulting apparent stress exponent. Whereas 
the load transfer mechanism does not affect n (the load transferred increases with the applied 
stress) the σo term does, as it is, by definition, stress independent. This is also in agreement with 
the model equations accounting for these two mechanisms: Ryu´s [38] and Artz´s [36,37], for the 
load transfer mechanism and the threshold stress, respectively, as depicted in Table I. This is also 
seen from the plot of Figure 2 where experimental creep data of 6061Al alloy, obtained by both 
IM and PM procedures, as well as data of 6061Al-15vol%SiCw composite at 673 K are 
represented [15,16]. As can be seen, n is lower in the IM alloy, and is due to the presence of a 
threshold stress,σo, in the PM materials, absent in the IM alloy. The increased creep behaviour of 
the PM composite with respect the PM alloy is due to the load transfer effect. Also, the expected 
similarity between their high apparent stress exponents is because the σo term affects the creep 
behaviour of both materials in the same way. 
5.- Summary 
In this work, a simple and generalized picture of the relevant mechanisms required to understand 
and predict the creep behavior of discontinuously reinforced metal matrix composites, 
particularly aluminum alloy matrix materials, is proposed. The investigation was motivated due 
to the present confusing situation with respect the different views to understand the creep of 
these types of materials. Based on previous work on the creep of PM 6061Al matrix composite 
and respective PM and IM un-reinforced alloys and a review data analysis from other published 
investigations, we were encouraged to generalize the conclusions derived to different aluminum 
alloys matrix composites. 
In particular, the threshold stress term associated to the ceramic reinforcement of micrometer 
scale is rejected. It is proposed, instead, the relevance of a load transfer mechanism as the 
reinforcing mechanisms associated to these particles. The presence of a threshold stress, 
independent of the applied stress, is, hence, released to the dispersion of aluminum oxide 
particles, of nanometer scale, in the case of composites (and alloys) prepared by PM procedures. 
These particles are inevitably formed in these materials by PM procedures. 
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The possible creep strengthening contributions and the potential damage mechanism at the 
metal-ceramic interface are, hence, discussed in the context of the processing route employed for 
composites preparation. In particular, emphasis is made on the additive contribution of the two 
main reinforcing mechanisms that should be considered in materials processed by a PM route: a 
load partitioning phenomenon and a threshold stress, associated to the ceramic reinforcement and 
the aluminum oxide particles dispersion, respectively. 
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* Constant A in the different equations was taken as the same one, but it may differ from un-reinforced alloy to the composite depending of the processing route and effect of reinforcement. 
 
 
Table I. Summary of the fundamental strengthening contributions proposed for the enhanced creep behavior of discontinuously reinforced MMCs 
(and corresponding un-reinforced alloys) associated to the presence of each type of reinforcement. Their mathematical description according to 
specific model, the corresponding stress exponent values, the creep equation, and the potentiality of damage associated to the metal-ceramic 
interface are also included. 
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Figure 1.- Schematic representation of the “threshold stress” like behavior in a double 
logarithmic representation of the stress vs. strain rate. As seen, this behavior is eliminated after 
the incorporation of the σo term in the exponential creep equation. 
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Figure 2.- Strain rate as a function of the stress (in log-log scale) at 673K of a 6061Al alloy 
obtained by IM (IM Alloy) and PM (PM Alloy) and a PM 6061Al-15vol%SiCw composite 
(PM MMC). The apparent stress exponent is similar for the PM materials  and higher than that 
of the IM alloy. Data obtained form refs. [15,16]. Numbers denote the stress exponent. 
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Figure 1.- Schematic representation of the “threshold stress” like behavior in a double 
logarithmic representation of the stress vs. strain rate. As seen, this behavior is eliminated after 
the incorporation of the σo term in the exponential creep equation. 
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obtained by IM (IM Alloy) and PM (PM Alloy) and a PM 6061Al-15vol%SiCw composite 
(PM MMC). The apparent stress exponent is similar for the PM materials and higher than that 
of the IM alloy. Data obtained form refs. [15,16]. Numbers in parenthesis denote the stress 
exponent. 
 
